ABSTRACT A starch formulation of Bacillus thuringiensis Berliner is being developed as a component in a pest management system to control Ostrinia nubi/alis (Hubner). Palatability is one property of starch formulations which must be investigated; this study was done to identify materials that will cause O. nubi/alis larvae to feed readily on starch granules. A two-choice behavioral bioassay was developed for evaluating phagostimulants in starch granules (without B. thuringiensis). Various materials were tested: compounds reported in the literature as feeding stimulants, the artificial diet for the species, corn foliage, corn oil, and the commercial feeding stimulant, Coax. Starch granules without additives were seldom fed upon by larvae, but it was possible to make the granules even more acceptable to larvae than corn foliage. The best feeding responses were to mixtures containing lipid, sugar, and protein. Coax was the most effective material tried; for example, in bioassays, the ratio of larvae that chose granules with Coax over those with only starch was 320:1, and the ratio of larvae choosing granules with Coax over corn leaf disks was 11.5:1. In greenhouse tests, phagostimulants increased the effectiveness of granules containing B. thuringiensis for killing O. nubilalis larvae. For example, when Coax was added to the granules, the amount of B. thuringiensis used could be reduced by 75% without reducing mortality.
STARCH HAS BEEN REPORTED as an encapsulation medium for entomopathogens (Dunkle & Shasha 1988) . In their work, European corn borer larvae, Ostrinia nubilalis (Hiibner), died after feeding on starch granules containing Bacillus thuringiensis Berliner. Although starch encapsulation appears to have considerable potential for increasing persistence of B. thuringiensis in the field (Dunkle & Shasha, in press) , other properties of the granules also must be investigated as starch formulations are developed for field use. One such property is palatability to larvae. In their initial report, Dunkle & Shasha (1988) suggested that the corn oil present in all their formulations was phagostimulatory, but no data were given. In our study, relative feeding preferences of O. nubilalis larvae were measured for starch granules containing a wide variety of potential phagostimulants, including corn oil. Additionally, various formulations containing phap'ustimulants and B. tlwringiensis were compared in the greenhouse for ability to kill O. nubilalis larvae.
Materials and Methods
Granule Preparation. Starch granules were prepared according to the method of Dunkle & Shasha (1988) . The typical procedure was to thoroughly mix 10.5 g of pregelatinized corn starch, 25 ml of distilled \vater, and the chosen additive(s). After several minutes of stirring, the mixture became a homogeneous, rubbery mass. It was covered and stored at 5°C for several h to set further, then it was chopped in a blender until fine enough to pass a 14-mesh screen. Pearl starch (6 g) was added during chopping to keep the newly formed particles from sticking together. The granules were air dried overnight and sifted to 20-35 mesh size. The dry granules were stored in tightly sealed bottles at 5°C.
The types of granules prepared are shown in Table 1 . The control granules were made so that the relative activity of all other preparations could be assessed. Corn oil granules were prepared so' that the putative phagostimulant activity of corn oil could be evaluated.
Various sugars and amino acids were added to the basic starch-corn oil granules to identify single compounds with good feeding stimulant activity. Many of these had been reported as phagostimulants in earlier work (Beck 1956 , Beck & Hanec 1958 , but it was not known if they would be effective in the starch matrix. Two series of granules were prepared for concentration-response studies.
The first contained corn oil (2%) + glucose at 0.2, 0.7, 2.:3, and 7.0% (wet wt). The other series contained corn oil (2%) + a mixture of 18 amino acids, which followed the composition of wheat germ 0046-225Xj90j0182-0189S02.00jO @ 1990 Entomological Society of America b One granule type contained all seven ingredients of the European corn borer diet; seven contained single ingredients; and seven contained all but one of the ingredients.
C The wheat germ components were incorporated singly, in pairs (three ways), and all three together for a total of seven granule types.
protein (MacMasters et al. 1971 ). This mixture was used at 0.007, 0.02, 0.07, 0.2, and 0.7%.
Freeze-dried corn foliage was incorporated into starch granules in an attempt to "capture" the feeding stimulant properties of the host plant. We used the inbred corn cultivar WF-9, which is highly susceptible to feeding by European corn borer larvae (Guthrie & Dicke 1972) . The aboveground portions of corn plants about 1 m tall were cut into small pieces and lyophilized overnight; 42 g of fresh stalks yielded 4.0 g of dried material. This \vas milled to pass a 40-mesh screen and \vas incorporated into granules at the rate of 4.1 % (wet wt). On a wet-weight basis, 1 g of granules was equivalent to about 0.45 g of fresh corn foliage.
The artificial diet was another potential source of feeding stimulants; the proportions of ingredients follow Guthrie's (in press) recipe. One formulation was prepared with all seven diet ingredients; seven granule types contained only individual ingredients, and seven contained the whole diet minus single ingredients. These preparations, along with control granules, allowed the ingredients that were potent feeding stimulants to be identified.
One key diet ingredient, wheat germ, was studied further. Ten grams of freshly milled wheat germ (smaller than 40 mesh) was defatted by placing in a chromatography column and eluting with 100 ml hexane. The solvent was removed from the extract by rotary evaporation, and the defatted wheat germ was dried in a hood. Defatted wheat germ (5.0 g) was extracted four times with 25 ml of boiling 80% ethanol-water for 50 min. The extract was filtered, reduced in volume to 10 m!, and stored at 5°C. The solid residue was dried in the hood and then stored at 5°C. Overall, the hexane extract, the 80% ethanol extract, and the solid residue accounted for 14, 31, and 55% of the total weight of the wheat germ, respectively. These three components were incorporated singly, in pairs (three ways), and all three together. These seven granule types, along with the control, allowed synergistic interactions among additives to be investigated.
A commercial feeding stimulant, Coax, also was encapsulated. Coax was developed as a feeding stimulant for Heliothis virescens (F.) larvae and contains sucrose, cotton seed oil, and cotton seed flour (Bell & Romine 1980 Insects. The European corn borer colony was received from the USDA Corn Insects Research Laboratory at Ankeny, Iowa. The insects were reared according to the method of Guthrie (in press).
Feeding Preference Bioassays. Two-choice bioassays Viere used to evaluate all feeding preferences. These were conducted in 5.0-cm plastic Petri plates with tightly fitting lids. A moistened layer (3-5 mm deep) of plaster of Paris and charcoal (15:1) covered the bottom of each dish. This layer kept the humidity in the dish at or near saturation, but droplets of \vater, which might otherwise have trapped the larvae, never formed on this surface.
A pile of granules about 1 cm in diameter (25 mg of dry granules) was placed about 1 cm from the side of the dish, and the other type of granule for the comparison was similarly placed at the opposite side of the dish. Alternatively, a fresh corn leaf disk (1 cm diameter) was substituted for the second pile of granules. The corn leaf disk was cut from a large leaf of a WF-9 corn plant about 1 m tall.
The granules were allowed to rehydrate in the closed dish for at least 1 h. Thev \vere verv hard and brittle when dry but becam~soft and r~bbery when rehydrated. The granules \V'ere never sticky, however, and they did not lose their integrity when wet. Fifteen to 30 larvae < 12 h old were placed in the center of the dish with a camers-hair brush. The dish was capped and placed in the dark at Vol. 19, no. 1 27°C for 16 h. The assav was terminated bv freezing the dish (prelimin;ry observations in'dicated that larvae did not leave their feeding sites as the dish was cooling). The numbers of larvae at the two feeding sites and the number not at these sites were recorded. Experimental Design. All the feeding preference experiments included at least five granule treatments, but even five treatments could not be compared meaningfully in one bioassay dish. Therefore, treatments were always tested in pairs. The experiments had incomplete block designs, \vith the plates serving as blocks. By pairing the treatments in a number of different wavs, all treatments in the experiment could be quantitatively linked. The incomplete block designs had the advantage of requiring larvae to make only "simple" choices, but the statistical analvsis became somewhat more complex as a result. Each two-choice comparison was normally replicated two to five times on any day, and most experiments were repeated on 2 or more days. Multiple replications greatly increased the power of statistical tests for differences between granule types and provided a way to check whether the categorical analysis method was appropriate. Further details of individual experiments are given with results.
Statistical Analysis. The feeding preference experiments were analyzed as contingency tables (categorical analysis) (Bishop et al. 1975 , Fienberg 1977 . Categorical analysis was more appropriate than analysis of variance because of the data type (counts rather than continuous variables) and because of the underlying distribution (binomial rather than normal).
In preliminary analysis, the multiple plates for each comparison were used to verify that data followed a binomial distribution. This was done bv constructing a 2 x l' contingency table for the 'I' replications of each two-choice test. If the underlying distribution were truly binomial, then about 95% of the x" statistics for these tables would be expected to have P values >0.05, and very small P values would be verv rare. In fact, the binomial distribution fitted welL Among 88 tests involving granules and replicated more than five times, the mean P value was 0.47. In three tests, 0.05 > P > 0.01, and for two others 0.01 > P > 0.001; in no case was P < 0.001. Tests involving corn foliage were slightly more variable, with a mean P value of 0.28, but even \vith corn foliage, the categorical analysis method appeared reasonable. The treatment totals over all l' plates were used for subsequent analysis.
For each experiment, treatment effects were analyzed by combining all two-treatment comparisons into one statistical model. This was begun by forming a t x c incomplete contingency table (Fienberg 1977, 1l0) , where t was the total number of treatments and c was the number of different two-treatment comparisons in the experiment. The table was "incomplete" in the sense that for each row (comparison), values appeared for only two of the t treatments (see Table 2 for an example).
The model applied to these incomplete tables is termed quasi-independence (Bishop et al. 1975, 178-202; Fienberg 1977, 112) . The model is stated as m'j = a,bj' where m'j is the expected total number of larvae at the ith treatment in the jth twotreatment comparison, a, is a parameter depending only on the granule type (table column) , and b j is a parameter depending only on the particular twotreatment comparison (table row) . The treatment parameters, a" are of primary interest. Ratios of these are estimated by using the fitted values, m,j' for the two treatments X and Y, given that they are tested together in comparison }:
These ratios determine the parameters only in relative terms. We add the further constraint that the parameter for the control of the experiment is 1.00, then actual value for the other parameters can be calculated using the ratios.
The parameters have the following physical meaning: In a two-choice comparison between a treatment and the control, ax represents the expected ratio of larvae at the treatment X over those at the control. Furthermore, the ratio a x / a r is the expected ratio of larvae at treatment X over those at treatment Y in a two-choice comparison. The parameters also can be used to express feeding preferences as percentages: In a comparison of treatments X and Y, 100 x ax/(a x + a r ) is the percentage of responding larvae expected to be found at treatment X. Thus the parameter estimates, a" offer a simple, concise, informative way of summarizing an experiment. These parameter estimates are referred to as fitted feeding-preference ratios in the Results and Discussion section.
The fitted values for the incomplete tables were calculated using the iterative proportional fitting procedure described by Fienberg (1977, 112-113) . This was done on a personal computer using a basic program written for this purpose and validated using textbook examples. x" tests were used to assess the fit of the quasi-independence model (Fienberg 1977,36) . We used the likelihood ratio statistic G", which follows the x" distribution, for all tests. A small G" value (P > 0.05) indicated an acceptable fit.
Statistical tests for differences between treatments were conducted in the following \vay (given that the model of quasi-independence did fit): A second model \vas applied in which only one joint parameter was fitted for both of the treatments of interest. The difference in G" values between this and the original model represented a test for nonequivalence of treatments (Fienberg 1977, 47 ; "conditional test statistics"), and it was compared with the x" distribution with 1 df. A large G" value a Fitted values (in parentheses) are derived for model of quasi-independence. In each column and in each row of the table, the sum of fitted values equals the sum of observed values (except for rounding error). The fitted values also satisfy the multiplicative relationships among treatments, as explained in the text. The model fits: G2 = 9.30; df = 6; P = 0.16. Overall differences among treatments: G2 = 1,101, df = 5; P « 0.0001. Each treatment differs from all other treatments ratio of feeding preference'" 1.0; G2 tests; P< 0.001), except for diet ingredients versus Coax (these do not differ; G2 = 1.02; P = 0.31).
b Total number of Petri plates given in parentheses for comparison. C These also are the fitted parameters, ai, for the quasi-independence model. indicated that the treatments differed. x 2 tests for differences among t treatments were constructed analogously by fitting one parameter for all t treatments. For these, the test statistic had t -1 df. Greenhouse bioassavs were conducted in the following way: Corn inb~eds susceptible to European corn borer (WF-9 or FRB-73) were planted four seeds per pot and treated when the plants were about 0.5 m tall. Approximately 600 mg of granules were applied to the whorl of the corn plant. At the same time, two large, black-headed European corn borer egg masses (about 50 eggs total) were pinned inside the whorl of the plant. The corn plants were dissected 4-5 d later, and the numbers of larvae alive and dead were recorded. Data from the four plants within a pot were pooled as one replication.
The statistical analysis of the greenhouse B. thuringiensis study was done by one-way analysis of variance on the observed percentage of mortality. Analyses were performed in the original scale and after the arcsine square root transformation. Conclusions were identical, so onlv the analvsis in the simpler, original scale is prese·nted.
.
Results and Discussion
The scope of differences in feeding preference is demonstrated in Table 2 . This table includes all of our experimental data for comparisons among six treatments. The model of quasi-independence fitted adequately (G2 = 9.30; df = 6; P = 0.16). Tremendous differences in feeding preference existed among the various granule types (Table 2) ; overall, G2 for differences among treatments was 1,101 (df = 5; P <K 0.0001). Corn oil, which was added to the initial B. tlwringiensis formulations for workability (Dunkle & Shasha 1988 ) was a mild feeding stimulant. Glucose, reported previously to be a feeding stimulant for corn borers and other insects (Beck 1956 ), significantly increased the effectiveness of corn oil alone. Freeze-dried corn fo- (Table 2 ). When either Coax or diet granules were present, however, 2::86% of the larvae were found among the granules when the experiment was terminated. Extensive silk \vebbing was present at these treatments, further indicating acceptability to the larvae. Feeding preference activities for eight sugars and 20 amino acids are presented in Table 3 . These 28 formulations contained corn oil and \vere tested against both corn oil granules and granules with glucose plus Gorn oil (10 dishes for each type of comparison). Of the monosaccharides tested, fructose was similar in activity to glucose, but galactose Table 3 . Feeding stimulant activity of 20 amino acids and eight sugars a All additives were incorporated into granules with corn oil (2%, wet wt). All formulations were compared experimentally with granules containing only corn oil (2%, 10 replications) and with granules containing corn oil (2%) + glucose (2.3%, 10 replications).
b Significant differences between test granules and corn oil granules (feeding preference ratio differs from 1.00) are indicated by *, **, and *** for P < 0.05, P < 0.01, and P < 0.001, respectively (C 2 tests). When the model of quasi-independence was applied to the complete data set, the model did not fit (C 2 = 53.1; df = 27: P = 0.002:3). Examination of residuals indicated that the lack of fit was primarily caused by trehalose and arginine: these two treatments were eliminated from analvsis, and the model fitted adequately (C 2 = 28.9; df = 25: P = 0:268).
. C Estimated feeding preference ratios to control are included here for comparison with Table 2 and Fig. 1 ; these were~alculated by multiplying the values in the first column by 5.56, which was the fitted feeding preference ratio between corn oil and control granules ( Analogous relationships can be written involving all treatments. (The actual counts will not satisfy such relationships because of experimental variability.) The fitted feeding preference ratios (Table  2 , bottom), being ratios of fitted values, also can serve to express the multiplicative relationships among treatments, again demonstrating the value of these parameters for summarizing the experiment. Larvae seldom fed on granules containing only starch. In fact, when only control granules were present in bioassay plates, 93% of the larvae were \vandering about after 16 h rather than feeding on the granules (10 plates, 226 total larvae). With the moderately active treatments, about half of the liage was intermediate in activity. By far the most active additives were the ingredients of the artificiallarval diet and the commercial feeding stimulant Coax.
An interesting property of the quasi-independence model is that it implies multiplicative linkage among the experimental treatments. This relationship can be expressed using the fitted values. For example, consider comparisons 1, 6, and 2 of 1.0 (bv definition) 7.0***" 12*** 9.1 *** 30*** 73*** 58*** 210*** a Each of the 14 granule types was tested against both the wholediet and control granules (five plates per comparison). The model of quasi-independence was applied to the whole data set and fits: G2 = 14.09; df = 14; P = 0.44. b Significant differences between the whole diet minus single ingredients and the whole diet are indicated by *** (P< 0.001) and * (P < 0.05) (G2 tests). C Significant differences between single ingredients and the control are indicated by *** (P < 0.001) (G2 tests).
and ribose were inactive. All three disaccharides (maltose, trehalose, and sucrose) were moderately active, as was the trisaccharide raffinose. Certain of the amino acids also caused increases in feeding preference. These results generally agreed with those of Beck & Hanec (1958) in that the amino acids with aliphatic side chains (especially alanine) and those with hydroxylated side chains (serine and threonine) were active. In both studies, phenylalanine, tyrosine, and proline were relatively inactive. For other amino acids, our results differed from those of Beck & Hanec (1958) . For example, aspartic acid and arginine were more active in our experiments, and methionine was less active. In any event, the magnitudes of even the best responses were relatively smalL In Fig. 1 , the relationship between response and percentage of active ingredient is shown for glucose and for a mixture of amino acids. For both additives, response increased with amount, but neither type of additive approached the 50-fold difference between the corn oil granules and those with Coax or the diet ingredients (Table 2) . Even relatively high quantities of these feeding stimulants jid not elicit a strong feeding preference.
Based on these results, it appeared unlikely that a single compound would prove to be a truly potent feeding stimulant. Therefore, we shifted emphasis toward understanding the high activity of certain mixtures, such as the artificial diet. Table 4 includes bioassay data for granules containing individual diet ingredients and for those containing the complete diet minus one ingredient. Both types of granules were compared experimentally with both the whole-diet granules and control granules containing only starch (five plates per comparison). The quasi-independence model fitted well (Go = 14.09; df = 14; P = 0.44) and table values (parameters) are ratios of fitted values, as described above.
a The eight treatments were tested in pairs in all possible combinations (28 different pairs, two plates per combination). The model of quasi-independence fits (G2 = 2:3.51; df = 21; P = 0.:32). Overall test for differences among treatments: G2 = i70.2; df = 7; P « 0.0001. b Feeding preference ratios significantly different from the control are indicated by *** (P < 0.001).
Four ingredients, each used alone, caused significant increases in feeding preference. These were viheat germ, glucose, casein, and the vitamin mixture. Of these, wheat germ was by far the most active, with a feeding preference ratio to the control of 210:1. Only wheat germ and the vitamin mixture caused a significant decrease in activity when they were omitted from the diet, and removal of ;vheat germ caused the greater reduction (80%). Presumably, casein and glucose were redundant as feeding stimulants in the whole diet, and removing them did not affect feeding preference. By either criterion, wheat germ was clearly the key diet ingredient as a feeding stimulant. Wheat germ had been reported previously to be a potent feeding stimulant for other insect species (Vanderzant 1974) . The data for ascorbic acid were curious. Although this compound caused no significant effect by itself, removing it from the whole diet greatly reduced the acceptability of the granules. Ascorbic acid has antioxidant properties (Chipault 1962) , and it may have served to preserve other diet ingredients rather than being a feeding stimulant in its own right. Chippendale & Beck (1964) showed that ascorbic acid was a nutritional requirement for O. nubilalis. However, the requirement of a compound for long-term health does not necessarily imply that it is active as a feeding stimulant.
The activity of wheat germ was studied further (Table 5 ). The hexane extract of wheat germ, the subsequent extract \vith 80% ethanol in water, and the residue after extraction were tested alone and in all possible combinations relative to controls. These three wheat germ components were expected to contain, respectively, the lipids, sugars, and protein (see Joslyn 1970) . All 28 possible comparisons among these eight treatments were done experimentally (three replications per test). Because the model of quasi-independence fitted (G2 = 23.51; df = 21; P = 0.32), the seven fitted ratios of the treatments to the control contained all the ENVIRONMENTAL ENTOlvlOLOGY Vol. 19, no. 1 Table 6 . Feeding preference ratios for six granule types relative to corn leaf disks Larvae fed on corn foliage for one day before test Diet ingredients 2.4" 37 ( on corn foliage or had not fed at all. This surprising preference over host plant foliage could be very useful in designing control methods. Ultimately, feeding stimulants will be useful in the starch granules only in combination with a killing agent. Preliminary evaluation of granules containing B. thuringiensis and feeding stimulants was conducted in the greenhouse (Fig. 2) . Survival was high in all treatments without B. thuringiensis, a necessary condition for a meaningful experiment. The effect of feeding stimulants was most evident with the lowest dose of B. thuringiensis (400 lUI mg). Here, the treatment with Coax killed 80% of the larvae, whereas that with no feeding stimulant killed only 27%. The treatment with 400 IV Img of B. thuringiensis and corn oil was intermediate in larval mortality (40%). The difference between the Coax and corn oil treatments \vas highly significant (P < 0.001, t test), but the corn oil and starch-only treatments at 400 lUI mg were not different (P > 0.10).
Mortality was high for all treatments containing 3,200 IV I mg of B. thuringiensis, regardless of phagostimulant type, and differences among these means were not significant (P > 0.05, t tests). This result may be explained in two ways. First, B. thuringiensis may have leached into water in the whorl; larvae, upon sipping the water, would ingest a fatal dose of endotoxin. Second, O. nl/bilalis larvae probably sample their environment by feeding; if a larva happened to encounter and bite into a granule containing a high amount of bacteria, death would follow.
At 1,600 IU Img of B. thuringiensis, the effects of phagostimulants were intermediate. The treatment with Coax caused significantly higher mortality than both the corn oil (P < 0.05) and starchonly (P < 0.01) treatments, but the differences were less dramatic than at 400 IU Img. The dif-64 (5) 73 (5) 84 (5) 84 (5) 579 (30) 462 (25) 0.00""" Number of replications (plates) indicated in parentheses.
information about relationships among the treatments.
All three of the components had highly significant feeding stimulant activity; combinations of any two always exceeded the components alone, and the combination of all three was dramaticallv more effective than any two-component combination. The three-component combination had a feeding preference ratio to the control ( Table 5 ) similar to that for whole wheat germ (Table 4) . The synergistic effects among these components \vere far more dramatic than would be expected by increasing the dose of one ingredient. As a first approximation, it appeared that granules needed to contain sugar, lipid, and protein for good feeding stimulant activitv. Note that Coax, with sucrose, cotton seed oil, a~d cotton seed flour, also contains these three types of components.
In the field, the larvae would be able to choose between feeding on granules and feeding on corn foliage, so we measured preferences between these materials (Table 6 ). When only starch or starch plus corn oil was present in the granules, the larvae significantly preferred the corn foliage (in these experiments, 22% of the larvae \vere at neither treatment at the end of the experiment). With corn oil plus glucose or freeze-dried corn foliage, the granules were fed upon about as readily as corn foliage. However, when the granules contained the diet ingredients or Coax, the formulations were significantly preferred over the corn leaves. At the termination of these experiments, the corn leaf disks always appeared green and fresh, and no more than 40% was ever consumed. Thus, the results in these experiments were not affected by a lack of fresh foliage.
Even after the larvae had fed on corn foliage for 1 d, they still preferred granules containing Coax or the diet ingredients to corn foliage in this assay (Table 6 ). The feeding preference ratios were similar, regardless of whether the larvae had fed ference between the corn oil and starch-only treatments at 1,600 IU Img was not significant (P > 0.05).
Considering only the treatments with Coax, there ,"vere no differences in mortality (P > 0.05) among the levels of B. thuringiensis (400,1,600, and 3,200 IU/mg). Thus, feeding stimulants such as Coax could allow reduction of the amount of B. thuringiensis added to granules without affecting the performance of the formulation.
In summarv. we have demonstrated that O. nubilalis larvae \~·ill respond to feeding stimulants that have been incorporated into a starch matrix. In Petri dish bioassays, larvae clearly preferred multicomponent stimulants to corn leaf disks. Although the leaf disks may differ chemically from intact foliage, this evide~ce strongly sugges'ts that a granule can be formulated that will be more readily fed upon than host tissue, even under field co~ ditions. The greenhouse studies support this hypothesis. The effect of low B. thuringiensis doses in conjunction with Coax indicates that larvae will feed long enough on these granules to be killed. 
